Multiplexed fluorescent hybridization chain reaction (HCR) and advanced imaging techniques can be used to evaluate combinatorial gene expression patterns in whole mouse embryos with unprecedented spatial resolution. Using HCR, DNA probes complementary to mRNA targets trigger chain reactions in which metastable fluorophore-labeled DNA HCR hairpins self-assemble into tethered fluorescent amplification polymers. Each target mRNA is detected by a probe set containing one or more DNA probes, with each probe carrying two HCR initiators. For multiplexed experiments, probe sets for different target mRNAs carry orthogonal initiators that trigger orthogonal DNA HCR amplification cascades labeled by spectrally distinct fluorophores. As a result, in situ amplification is performed for all targets simultaneously, and the duration of the experiment is independent of the number of target mRNAs. We have used multiplexed fluorescent in situ HCR and advanced imaging technologies to address questions of cell heterogeneity and tissue complexity in craniofacial patterning and anterior neural development. In the sample protocol presented here, we detect three different mRNA targets: Tg (egfp), encoding the enhanced green fluorescent protein (GFP) transgene (typically used as a control); Twist1, encoding a transcription factor involved in cell lineage determination and differentiation; and Pax2, encoding a transcription factor expressed in the mid-hindbrain region of the mouse embryo.
DNA probe sequences (1 µM stocks in TE)
In the sample protocol presented here, each of the three target mRNAs is detected with a different probe set (see Table 1 ). Each probe set contains multiple DNA probes; each probe carries two HCR initiators (I1 and I2). Within a given probe set, each probe initiates the same HCR amplifier. The DNA probes were designed, synthesized, and purified by Molecular Instruments (Choi et al. 2014 In the sample protocol presented here, all images were acquired using a Zeiss 780 NLO inverted confocal microscope with an LD LCI Plan-Apochromat 25x/0.8 DIC Imm Corr (UV) VIS-IR. The ZEN software was used to control microscope components, and the Zeiss MultiTime macro was used to gather tiles of stacks of optical sections.
Microcentrifuge tubes (1.5-mL; RNase-free) Petri dishes (10-cm; RNase-free) Transfer pipettes
METHOD In Situ HCR
The following in situ HCR protocol is adapted from Choi et al. (2014) for use in whole-mount mouse embryos. The overall scheme for multiplexed fluorescent HCR (Steps 9-20) is summarized in Figure 1 .
Mapping the expression of a transgenic target mRNA provides a useful positive and negative control when validating in situ HCR in a new organism. Figure 2 shows staining for Tg(egfp) driven by Wnt1 regulatory machinery for wild-type (Target −) and transgenic (Target +) mouse embryos. 2. Kill a pregnant female mouse using an IACUC-approved protocol.
3. Immediately remove the uterus and submerge it in 4% PFA in a fresh RNase-free Petri dish.
4. Dissect the mouse embryos from the uterus while it is submerged in 4% PFA.
This step should be performed with active ventilation from a fume hood or a histology slot hood to protect oneself from exposure to the fixative fumes.
Each female mouse produces 6-9 embryos. For Steps 5-9, we recommend using 1 mL of solution per group of 10 embryos.
5.
Transfer the embryos to a clean vial with fresh 4% PFA and fix them overnight or longer at 4˚C.
6. Wash the embryos twice in PBST for 10 min each at room temperature. A volume of 500 µL of hybridization buffer in a 1.5-dram glass vial is sufficient to cover the embryos.
11. Prepare the probe solution by adding 1 pmol of each probe (1 µL of each 1 µM stock) to 500 µL of probe hybridization buffer at 45˚C.
12.
Remove the prehybridization buffer from the embryos and add the probe solution.
Incubate the embryos overnight (for 12-16 h) at 45˚C.
14. Remove the excess probes with the following sequence of washes. Perform the washes at 45˚C. Use 1 mL of probe wash buffer for each wash, changing the buffer each time.
i. 2 × 5 min
ii. 2 × 30 min
iii. 1 × 5 min
Longer wash times can be used if necessary.
Proceed immediately to
Step 15.
Amplification Stage: HCR Polymerization
15. Preamplify the embryos in 500 µL of amplification buffer for 30 min at room temperature.
Cite this protocol as Cold Spring Harb Protoc; doi:10.1101/pdb.prot083832
16. Prepare 30 pmol of each fluorescently labeled hairpin by heating 10 µL of each 3 µM amplifier stock to 95˚C for 90 sec and then allowing the samples to cool to room temperature in the dark for 30 min.
Ensure the proper amplifier system (in this example protocol, B1, B2, and B5 [see Table 1 ]) is used for each probe set and that the amplifiers have Alexa Fluor dyes that are spectrally distinct for each target mRNA in a multiplexed experiment. Keeping the samples in the dark minimizes photobleaching.
17. Prepare the hairpin solution by adding all cooled hairpin samples to 500 µL of amplification buffer at room temperature.
18. Remove the preamplification buffer from the embryos and add the hairpin solution.
19. Incubate the embryos in the dark overnight (12-16 h) at room temperature.
20.
Remove excess hairpins with the following sequence of washes. Perform the washes with agitation and/or rocking in the dark at room temperature. Use 1 mL of 5× SSCT for each wash, changing the solution each time.
i. 2 × 5 min
iii. 1 × 5 min
The embryos can be stored for at least 1 wk at 4˚C in the dark.
Clearing and Mounting Embryos
21. Clear the embryos for imaging by incubating them in 500 µL of ScaleA2 for 2 d in the dark at room temperature.
22. Clean all glass slides and coverslips with RNaseZap. Add four beads of vaseline to each slide to support a coverslip at the corners.
23.
Transfer the embryos onto a slide. Orient the embryos and remove excess buffer.
In general, two embryos can be mounted onto each slide.
24. Add two drops of fluorescent mounting medium over the embryos on each slide.
Alternatively, embryos can be mounted in ScaleA2. ScaleA2 has refractive indices of 1.382, 1.387, and 1.380 at 589, 486, and 656 nm, respectively (Hama et al. 2011). 25. Place a coverslip over the embryos. Apply enough pressure to push the coverslip onto the embryos without flattening them. Seal the edges of the coverslip with nail polish.
If imaging GFP, apply a minimal amount of nail polish, as excess nail polish will destroy GFP fluorescence.
26. Store the slides in the dark at 4˚C until imaging.
Image Acquisition
27. Acquire images using an inverted confocal microscope system. Figures 2-4 were acquired using a Zeiss 780 NLO inverted confocal microscope with an LD LCI Plan-Apochromat 25×/0.8 DIC Imm Corr (UV) VIS-IR (see Table 2 for the excitation lasers and emission filter settings). The ZEN software was used to control microscope components, and the Zeiss MultiTime macro was used to gather tiles of stacks of optical sections.
The images in
See Troubleshooting.
TROUBLESHOOTING

Problem (
Step 27): The fluorescent signal is not sufficiently strong relative to background fluorescence. Solution: When mapping the expression pattern for a new target mRNA, we balance brightness, robustness, and cost considerations by using a probe set containing five two-initiator DNA probes (depicted in Fig. 1B ). For each of the three target mRNAs in this example protocol, the pixel intensity histograms in Figure 3 show that there is minimal overlap between the distribution of pixel intensities for total fluorescence (signal + background) and the distribution of background fluorescence. If the signal is not sufficiently bright relative to background, we increase the number of probes in the probe set.
Step 27): Background fluorescence is dominated by nonspecific detection. Solution: Background may arise from any of three sources: autofluorescence (inherent fluorescence of the fixed sample), nonspecific detection (probes that bind nonspecifically and are subsequently amplified), and nonspecific amplification (HCR hairpins that bind nonspecifically within the sample). If the background is dominated by staining that results from nonspecific detection, we test probes individually to eliminate any that show poor selectivity for the target mRNA.
DISCUSSION
HCR permits the combinatorial expression patterns of even (low-copy) transcription factors to be detected with high resolution within fixed whole-mount mouse embryos. Figure 4 shows the simul- taneous mapping of three target mRNAs in the head of a whole-mount mouse embryo, revealing complex interlaced and overlapping expression patterns with high resolution. This HCR protocol improves on the original RNA HCR technology (Choi et al. 2010) , using next-generation DNA probes and DNA HCR amplifiers to achieve higher gain, lower cost, and greater durability (Choi et al. 2014 ). Because amplification is performed in parallel for all targets, the approach is faster and more versatile than traditional in situ hybridization (ISH) approaches that require serial mapping of one target after another. With HCR, the expression patterns of up to five mRNAs can be mapped simultaneously.
One of the challenges of studying neural development is its sheer complexity, due in large part to the number and diversity of its various components at scales ranging from molecular to cellular to tissue. Craniofacial and anterior neural development results from the patterning of the skull and the brain it houses, which in turn directs other craniofacial structures to communicate, chew, taste, hear, balance, and smell the surrounding environment. Regionalization and cell fate specification are critical events within developing neural regions that require precise spatiotemporal regulation of gene expression patterns and the resulting intercellular and intracellular signals that drive patterning, growth, morphogenesis, and the final fates of brain, vascular, and neural crest cells. While many of the components involved in the multidimensional challenge of craniofacial development have been defined, the full range of the cellular diversity and the roles of the interactions between cells have 
